Chicken liver bile acid-binding protein (L-BABP) binds to anionic lipid membranes by electrostatic interactions and acquires a partly folded state [Nolan, V., Perduca, M., Monaco, H., Maggio, B. and Montich, G. G. (2003) Biochim. Biophys. Acta 1611, 98-106]. We studied the infrared amide I′ band of L-BABP bound to dipalmitoylphosphatidylglycerol (DPPG), dimyristoylphosphatidylglycerol (DMPG) and palmitoyloleoylphosphatidylglycerol (POPG) in the range of 7 to 60°C. Besides, the thermotrophic behaviour of DPPG and DMPG was studied in the absence and in the presence of bound-protein by differential scanning calorimetry (DSC) and infrared spectra of the stretching vibration of methylene and carbonyl groups. When L-BABP was bound to lipid membranes in the liquid-crystalline state (POPG between 7 and 30°C) acquired a more unfolded conformation that in membranes in the gel state (DPPG between 7 and 30°C). Nevertheless, this conformational change of the protein in DMPG did not occur at the temperature of the lipid gel to liquid-crystalline phase transition detected by infrared spectroscopy. Instead, the degree of unfolding in the protein was coincident with a phase transition in DMPG that occurs with heat absorption and without change in the lipid order.
Introduction
The transfer of soluble proteins into the interface between the lipid membrane and the aqueous phase is recognized as a key step for cellular processes such as signal transduction, regulation of enzyme activity, or protein import and export [1] . This translocation represents a major change in the protein environment. In the interface, large changes in chemical composition, viscosity, water activity and electrostatic forces occur within distances spanning the dimensions of the bound protein [2] . Both, the averaged properties of the interface, remarkably different from the bulk aqueous solution, and the microscopic anisotropy of this environment, can stabilise different protein conformations. The binding to the interface is then coupled to conformational changes in the protein with possible consequences on its biological activity.
The properties of the interfacial region are in close relationship with the phase state of the lipid. The dipolar organization, degree of ionization and interactions with soluble components, mutually determine the temperature of lipid phase transition [3] [4] [5] . Then, it must be expected that the physical state of the lipid has an influence on both peripheral protein binding and conformation.
The mutual influence between lipid thermotrophic behaviour, protein binding and conformational changes can be described by thermodynamic relationships [6] which are based on the concept of linked equilibriums [7] . While the influence of peripheral proteins on the lipid thermotrophic behaviour was described for several systems [8] [9] [10] , few studies have described conformational changes of peripheral proteins linked to the lipid physical state. For example, changes in the tertiary structure and packing have been described for cytochrome c bound to lipids in the gel and liquid-crystalline state [11] .
In this work we studied the conformations acquired by the liver bile acid-binding protein (L-BABP) [12] bound to membranes of anionic lipid in different phases. L-BABP is a member of a large family of proteins, known as fatty acidbinding proteins (FABPs), with a common structural motif and the capacity to bind non-polar compounds [13] . It is proposed that the function of FABPs in the cell is to transfer non-polar ligands between cell compartments. Some members of the family can transfer non-polar ligands to lipid membranes by a mechanism that involves a direct collision of the protein with the membrane. In other group of FABPs instead, the ligands are released to the aqueous medium and reach the lipid membrane by diffusion [14] . One member of this group, the mammalian liver FABP, can also transfer the ligand by a collisional mechanism when the binding to the membrane is enhanced by increasing the electrostatic interactions between the protein and the interface [15] . These observations suggest that the interactions established with the membrane are relevant to the transfer mechanism for all the FABPs. Besides, the capacity of FABPs to translocate from a soluble to a membrane-bound state make of this protein family a valuable experimental system to study general aspects of the interaction of amphitrophic proteins with lipid membranes.
L-BABP has an isoelectric point of 9.0 [16] and is positively charged at pH 7. We described previously that L-BABP binds to anionic lipid membranes and acquires a partly unfolded state in the interface. We concluded that the binding is driven by electrostatic forces because the protein does not bind to zwitterionic lipid membranes or to anionic lipid membranes in the presence of 0.1 M NaCl. We also described that the binding and the conformational change are reversible: once the protein is bound to anionic lipids in the absence of added salt, an increase in ionic strength produces the release of the protein and the recovery of the native secondary structure [17] .
In the present work we studied the influence of the phase state of the lipid on the conformation of the membrane bound L-BABP. We measured the FT-IR spectra of L-BABP bound to anionic lipid membranes of dipalmitoylphosphatidylglycerol (DPPG), dimyristoylphosphatidylglycerol (DMPG) and palmitoyloleoylphosphatidylglycerol (POPG) as a function of the temperature. Because these lipids have different phase transition temperature, it was possible to compare the protein conformations when it was bound to lipids in the gel or in the liquid-crystalline phase at the same temperature. We also studied the thermotrophic behaviour of the lipids in the absence and in the presence of the protein by differential scanning calorimetry (DSC). We observed different conformations when the protein was bound to lipids in the gel or fluid phase. The conformational changes seem to be coupled not only to the main gel to liquid-crystalline phase transition but also to lipid transitions that occur without changes in the hydrocarbon chain order.
Materials and methods

Materials
L-BABP was purified according to Scapin et al. [16] and stored in 10 mM phosphate buffer, pH 7.5, at − 70°C. DPPG, DMPG and POPG were obtained from Avanti Polar Lipids (Alabaster, AL). D 2 O 99.9+% was supplied by Nucleoeléctrica Argentina S.A. Central Nuclear Embalse, Div. Química y Procesos, NaOD, DCl were from Sigma, Centricon 100 concentrators were from Amicon (Beverly, MA).
Large unilamellar vesicle (LUV) preparation
Lipids were dissolved in chloroform/methanol solution and dried as a thin film in a glass tube. The film was hydrated and resuspended with D 2 O to a final concentration of about 35 mM lipid. LUVs were prepared by freeze-thaw and extrusion through polycarbonate filters (pore diameter 100 nm) [18] in an extrusion device from Avestin (Ottawa, Canada). Five cycles of freeze and thaw were done placing the sample for 10 min in a bath with liquid air and 10 min in a water bath at 60°C. The extrusion step was done at 25°C for POPG, at 40°C for DMPG and at 60°C for DPPG. The method produced vesicles with a diameter of 75 nm for DMPG, 93 nm for POPG and 90 nm for DPPG according to dynamic light scattering measurements. Final lipid concentration was measured by quantification of organic phosphate [19] .
Sample preparation
The protein was first lyophilized from an aqueous solution, dissolved in D 2 O and incubated 24 h at room temperature to allow deuterium exchange of the amide protons. For DSC and FT-IR experiments, LUV and free protein were preincubated for 15 min at 4°C and mixed to reach a final lipid to protein molar ratio of 100:1. For FT-IR and DSC experiments, lipid concentration was 30 mM and protein concentration was 0.3 mM. For Centricon 100 filtration binding assays, the lipid concentration was 0.5 mM and L-BABP 5 μM. For all the experiments, the final concentration of phosphate buffer was 3 mM and the pH was 6.8.
The FT-IR measurements as a function of the temperature (Figs. 2, 3 and 4) were repeated in three separate samples for each lipid. One of the three identical results is shown in the figures. The DSC experiments ( Fig. 1 ) were repeated in two separate samples for each lipid.
Centricon-filtration binding assay
Samples containing pure protein and lipid-protein mixtures were loaded in the upper chamber of Centricon 100 concentrators (Amicon) and spun down at 2000 rpm at 8°C or at 25°C until 60-70% of the initial volume was eluted. The protein concentration in the initial sample and in the eluted fraction was quantified recording the absorbance spectra in the UV region and measuring the absorbance at 280 nm.
FT-IR spectroscopy
Spectra were recorded in a Nicolet Nexus spectrometer using a thermostated demountable cell for liquid samples with CaF 2 windows and 75 μm teflon spacers. The spectrometer was flushed with dry air to reduce water vapour distortions in the spectra. Normally, 50 scans were collected both for the background and the sample at a nominal resolution of 2 cm − 1 . The temperature in the cell was controlled with a circulating water bath. The temperature setting in the bath was manually increased in steps of about 5°C. The actual temperature in the sample, measured with a thermocouple inserted in the cell, increased continuously with a scan rate similar to that used in the DSC experiments. The acquisition of a spectrum at a given nominal temperature (that is, the acquisition of the of 50 individual scans) spanned 1 min or a change in the temperature of about 0.5°C. Data plotted in Figs. 2 and 4 correspond to the temperature readings in the mid point of that segment of time. The spectra further used to identify the band components by Fourier self deconvolution and band fitting were the average of 100 individual scans.
The contribution of the D 2 O in the amide I′ region was eliminated by subtracting the D 2 O spectra acquired at the corresponding temperature. A linear baseline was defined between 1599 and 1691 cm − 1 and the bands were normalized between these limits. Fourier self deconvolution was performed with the software provided with the spectrometer (Omnic software) using a bandwidth of 18 cm − 1 and a line narrowing factor k = 2. Band fitting of the components to the original (not deconvolved) spectrum was performed according to the procedure described by Arrondo and Goñi [20] except that peak height, band width, and peak position of the components were allowed to vary one at a time in this order [17] .
Differential scanning calorimetry
Thermograms were obtained in a VP-DSC scanning calorimeter from MicroCal (Northampton, MA). In order to prevent the formation of air bubbles, samples were exhaustively degassed before being injected into the calorimetric cell. The reference cell was filled with D 2 O buffer, and a 26 p.s.i. pressure was applied to both cells. A scan rate of 30°C/h was used for all the experiments.
Results
To study the interactions of L-BABP with lipid membranes we mixed the protein with lipid samples prepared by freeze and thaw and extrusion through polycabonate filters with pores of 100 nm diameter. Calorimetric measurement was performed in D 2 O with the same lipid and protein concentrations used in FT-IR experiments to allow a direct comparison between these experiments. To work in conditions in which no protein in solution was present, and to obtain a spectroscopic signal only from a membrane-bound protein, we used experimental conditions in which the equilibrium was shifted to the membrane-bound protein. That is, anionic lipid membranes, saturating amounts of lipids, and low ionic strength, namely 3 mM phosphate buffer.
Binding assay
We loaded the upper chamber of Centricon 100 filters with pure L-BABP in solution or its mixtures with DPPG, DMPG, or POPG at 8 and 25°C. After a centrifugation step, we measured the amount of protein and lipid in the eluted solution. Because of the selected cut-off, the free protein in solution can freely pass through these filters while the lipid membranes, and consequently the membrane bound-protein, are retained in the upper chamber. Then, the concentration of protein in the eluted solution at the lower chamber is equal to the concentration of unbound protein in the initial mixture. After the centrifugation step (see Materials and methods), no protein was found in the eluant of the mixtures with lipids at both temperatures. Instead, the concentration in the eluant of the pure protein samples was 90% of the initial protein concentration. We concluded that the whole amount of protein was bound to the anionic lipids both at high and low temperature. As described below, the affinity of L-BABP to the lipid membranes may change with the phase of the lipid. However, the results of these binding assays indicated that, at the lipid to protein ratio used for the infrared spectroscopy, the signal always arose from a membrane bound-protein under all the conditions studied.
Thermotrophic behaviour of the lipids
Phosphoglycerol lipids have a complex phase behaviour. The macroscopic structures and phases in aqueous dispersions, the enthalpy and the transition temperature of different phase transitions depend on the lipid concentration, the ionic strength, the treatment of the sample, and the degree of lipid hydration [6, [21] [22] [23] [24] [25] . To facilitate the description of the conformations acquired by L-BABP bound to lipids in different phases, first we will describe the thermotrophic behaviour of the lipids in the absence and in the presence of bound protein. The heat capacity as a function of the temperature of DMPG and DPPG in D 2 O is shown in Fig. 1 . DMPG membranes produced a broad peak of heat absorption between 10 and 40°C with three broad components centred at 16, 20 and 25°C (Fig. 1B) . To some extent, this result is similar to the transitions described by DPPG membranes also have a complex thermotrophic behaviour [23] . In our samples, a large heat absorption with several components was observed between 35 and 45°C with two major components at 40 and 42°C. Another transition, with less heat uptake appeared between 10 and 25°C (Fig.  1A) . This profile is similar to that obtained by Zhang et al. for DPPG in the presence of 0.1 M NaCl in samples that were incubated at low temperatures [23] . In the presence of bound protein (Fig. 1A, dotted line) , the heat uptake between 10 and 25°C disappeared, and the ratio between the major peaks changed drastically.
Lipid phase transition as detected by FT-IR spectroscopy
We used FT-IR spectroscopy to study the phase behaviour of the pure lipids and the lipids with bound protein. The increase in the number of trans-gauche conformations that take place in the phase transition from ordered gel to liquid-crystalline phase can be detected by the shift in the frequency of the antisymmetric and symmetric methylene stretching vibrations near 2920 and 2850 cm − 1 [24, 26, 27] . Fig. 2 shows that, for the pure lipids, this transition occurred in a rather wide range of temperature, centred at 45°C for DPPG ( Fig. 2A ) and at 27°C for DMPG (Fig. 2B) .
The infrared bands at 1725 and 1740 cm − 1 due to the stretching of the C_O bond of 1,2-diacylglycerolipid bilayers, are also sensitive to the physical state of the lipid [28] . The ratio between the absorbances at 1725 and 1740 cm − 1 is larger in the liquid than in the gel phase. Fig. 2 , panels C and D, shows this ratio as a function of the temperature. The temperature dependence of the C_O stretching band in DPPG and DMPG was similar to the observed for the stretching of CH 2 , both in the width of the transition and in the position of the midpoint. Fig. 2 also shows the stretchings of CH 2 and C_O in the presence of membrane-bound L-BABP. The midpoint and width of the transitions were not changed by the bound protein.
It must be noticed that the temperature dependence of the spectroscopic changes were not in agreement with the calorimetric transition of DMPG and DPPG. Some components of the heat absorption occurred without changes in the spectroscopic parameters. A large proportion of heat absorption occurred without change in the lipid order as detected by FT-IR. For DMPG for example, we considered that the total amount of heat absorbed in the transition is proportional to the area under the calorimetric curve measured between 10 and 45°C (see Fig.  1B ). The area measured between 10 and 25°C indicated that 65% of the total amount of heat was already absorbed at 25°C. In other words, the fractional change of the calorimetric transition is 0.65 at 25°C. Instead, the fractional change in the FT-IR signal corresponding to CH 2 stretching was only 0.42 at this temperature as can be calculated from the Fig. 2B . At 20°C, 36% of the heat was absorbed while the fractional change in the signal was practically zero. The midpoint for the change with the temperature of the CH 2 stretching band of DMPG was at 26°C, (Fig. 2B) and it was coincident with the calorimetric component at 25°C (Fig. 1B) . In DPPG, the midpoint of the spectroscopic transition ( Fig. 2A ) was coincident with the calorimetric peak at 42°C (Fig. 1A) . Zhang et al. [23] described that aqueous dispersions of phosphoglycerols of different chain length incubated at low temperatures present different ordered gel phases. The transition between them occurred with heat uptake but without change in the chain lipid order. In our extruded samples some heat uptake components probably correspond to transitions between intermediate phases that retain an ordered structure of the hydrocarbon chains. Specifically, these can be the calorimetric transitions between 10 and 25°C and the component at 40°C of the main heat uptake in DPPG, and the components at 16 and 20 in DMPG. Considering that no further heat uptake was observed above the components centred at 25°C for DMPG and at 42°C in DPPG, and that they are closer to the temperature at which the spectroscopic changes occurred, they must correspond to the transitions between the ordered gel and liquid-crystalline phases. This wide, multi-component heat absorption, and the shift of the transition temperature detected by infrared spectroscopy as compared to the main calorimetric peaks was observed only in samples without added salt. In our hands, samples prepared in the presence of 0.1 M NaCl (not used in this work to study the interactions with L-BABP) produced a sharp calorimetric peak at 24°C for DMPG as described by Lamy-Freund and Riske [25] and at 41°C for DPPG, and the changes in the spectroscopic parameter occurred at the same temperature than the calorimetric transition.
Protein conformations in the different lipid phases
We studied the protein secondary structure by infrared spectroscopy. In D 2 O solution, native L-BABP displays an FT-IR spectrum with components at 1622 assigned to extended strands and β-edges, at 1632 cm − 1 assigned to β-sheet, and smaller bands at 1653 and 1642 cm −1 , assigned to α-helix and unordered structures respectively [17] , in agreement with the known crystallographic structure [12] . In the range of 20°C to 75°C, the shape of the spectra and the proportion of the component bands remains almost constant. A cooperative unfolding is observed above 75°C with decrease of the band corresponding to β structures, increase in the band corresponding to unordered structures at 1640 cm − 1 , and appearance of bands below 1620 cm − 1 [17] due to aggregation of unfolded protein [29] . Fig. 3 shows the FT-IR spectra of L-BABP bound to the anionic lipids DPPG, DMPG and POPG at 9°C and at 30°C. For comparison, the spectrum of the native protein, in the absence of lipid, is also shown in dotted lines in the panel A. In general, the band fitting procedure indicated that in the membrane bound-protein the components assigned to β-sheet and extended structures are decreased, and the components assigned to unordered structure are increased as compared with the protein in solution. Band components are also broader in the membrane-bound protein [17] .
According to the FT-IR measurements shown in Fig. 2 , DMPG and DPPG are in an ordered gel phase at 9°C. At 30°C, DMPG is in the liquid-crystalline phase, while DPPG remains in an ordered gel phase. As expected, POPG was in the unordered liquid-crystalline phase in the whole range of temperature studied according to the position of the CH 2 and the shape of the C_O bands. In all cases, these observations are true both in the absence and in the presence of bound protein. Fig. 3 shows that L-BABP bound to the lipids in the gel phase at 9°C (Fig. 3A and C) acquired a different structure when compared with the lipid in the liquid-crystalline phase at the same temperature (Fig. 3E) . The spectra of the protein bound to the lipid in the liquid phase displayed less structure than in the gel phase. The Fourier self deconvolution and fitting procedure revealed that the global change in the spectra was due to an increase in the band component assigned to unordered structure ( Table 1 ). The increase in the temperature from 9 to 30°C did not produce major changes in the FT-IR spectra when the lipid remained in the ordered gel or in the liquid-crystalline phase: compare Fig. 3E and F in which POPG remained in the liquid phase, and Fig. 3A and B in which DPPG remained in the gel phase. Instead, noticeable different spectra were obtained for L-BABP bound to DMPG at 9°C as compared to 30°C: the spectrum at 9°C resembled the spectrum obtained in the gel phase of DPPG (Fig. 3A) while at 30°C, the spectrum was similar to that obtained in the liquid POPG ( Fig. 3E and F) . Fig. 4 shows the dependence of the spectral shape in the whole range of temperature studied. The infrared absorbances at 1640, 1625, and 1618 cm − 1 plotted in the figure are proportional to unordered structure, β structures, and aggregated unfolded structures, respectively. In all samples, a sharp increase in the band at 1618 cm − 1 indicated that the protein was aggregated above 35°C. This increase was always accompanied by a decrease in the absorbance at 1640 and 1625 cm − 1 . The protein bound to DPPG and to POPG showed a continuous change in the spectral intensity as a function of the temperature up to approximately 30-35°C, the temperature at which begins the protein aggregation. In DPPG, the absorbance at 1640 cm − 1 was lower than the absorbance at 1625 cm − 1 , while the opposite was true in POPG. This reflects the spectral differences observed when the protein was bound to the lipid in the gel or in the liquid phase. Even when the increase in the temperature produced conformational changes in the protein, these were rather continuous and the spectra retained the same global shape, distinctively different in DPPG as compared to POPG. The conformation of L-BABP bound to DMPG instead, changed in a discontinuous way in the temperature range 8-30°C. Panel B in Fig. 4 shows that the absorbance decreased at 1625 cm − 1 and increased at 1640 cm − 1 , following a sigmoid shape centred at 17°C. The absorbance at 1618 cm − 1 also decreased in the same way in this temperature range, as a consequence of the global decrease in the adjacent band at 1625 cm − 1 . The spectral shape at 8°C was similar to that observed in DPPG, while at 30°C it was similar to that observed in POPG. This can also be observed in Fig. 4 : in the low temperature region the absorbance at 1640 cm − 1 was lower than the absorbance at 1625 cm − 1 , while at higher temperatures the ratio was inverted. It must be noticed that the midpoint of this conformational transition in the protein was located about 10°C below the midpoint for the spectral changes in the lipid CH 2 stretching and that it was coincident with the onset of the calorimetric transition. Probably, this conformational change in L-BABP can also occur, at higher temperatures, together with the calorimetric phase transitions in DPPG, but this process has a strong competition with the global unfolding and aggregation above 30°C. It is important to point that the decrease in the bands corresponding to unordered and β structures and the increase in the band due to aggregation are more defined and sharper around 40°C in DPPG than in POPG. This suggests that the physical state of the lipid may also have influence on the global unfolding and aggregation.
Discussion
The main conclusion that we obtained from our observations is that L-BABP acquires different degrees of partial unfolding depending on the phase state of the anionic lipid to which it was bound. Also, the binding of the protein influenced the intermediate ordered phases of DMPG and DPPG.
It is important to emphasise that the extruded samples of DPPG and DMPG at low ionic strength displayed calorimetric transitions that were not coincident with the changes in the infrared bands of the CH 2 and C_O groups. According to the extensive studies performed on phosphoglycerol lipids [6, [21] [22] [23] [24] [25] part of the heat uptake could correspond to transitions between ordered intermediate phases that occur without major changes in the order of lipid hydrocarbon chains and headgroups.
In the temperature range 9 to 35°C, L-BABP was more unfolded and displayed less amount of secondary structure when it was bound to POPG than to DPPG. Within this temperature range, the protein was bound to a membrane in the gel phase in the case of DPPG and to a membrane in the liquidcrystalline phase in the case of POPG. The more direct conclusion that we can obtain is that the degree of partial unfolding of the protein is related to the gel-liquid state of the lipid. Nevertheless, the temperature dependence of the conformation of L-BABP bound to DMPG membranes indicates that the lipid order, at least in the way detected by FT-IR spectroscopy, is not the only determinant of the protein structure; the protein conformation can also be coupled to transitions between intermediate gel phases. At low ionic strength, DMPG has a complex thermotrophic behaviour. In our extruded samples the order of the chain as measured by the changes in the infrared bands of CH 2 stretching, was centred at 27°C both in the absence and in the presence of bound protein.
The heat uptake, measured by DSC, occurred in a wide range of temperature, with a major component at 20°C and smaller peaks at 16°C and 25°C. Clearly, the calorimetric components at 16 and 20°C occurred without change in the lipid order as detected by FT-IR spectroscopy and they must separate phases in which the lipid has ordered chains in a gel phase. Although the heat uptake centred at 16°C decreased in the presence of bound protein, the discontinuous change in the conformation of the protein bound to DMPG occurred at a temperature coincident with the onset of the calorimetric transition, several degrees below the order-disorder transition detected by infrared spectroscopy. Then, we conclude that the degree of partial unfolding in DMPG was coupled to phase transitions of the lipid that occur without change in the lipid order.
The major heat uptake in DPPG was between 35 and 45°C. Below 40°C, FT-IR spectroscopy showed that the lipid was in the ordered gel phase. In the presence of bound L-BABP, there was no heat absorption in this temperature range. At the present, we have no further structural characterisation of DPPG in the presence of bound protein and it is not possible to ascertain if the protein induces the formation of a new different ordered phase or just produces a shift of the phase transition to higher temperatures. Also for DPPG, a large proportion of heat uptake, mainly the component at 40°C, occurred without major changes in the infrared signals. The presence of L-BABP in the interface, both in the non-aggregated form below 35°C and in the aggregated form above 35°C clearly affected all the calorimetric transitions. Probably, L-BABP can also follow a conformational change coupled to the main transitions in DPPG. If this was the case the transition to more unfolded state cannot be observed because at that temperature, the competing process of aggregation is prevailing. The partly unfolded state is an ensemble of fluctuating structures. The conformational change of L-BABP centred at 17°C in the DMPG vesicles must be considered then as a shift in the population of the ensemble rather than a transition between two well-defined states. The transition is not induced by the temperature on the protein itself, but rather follows the changes in the lipid phase. Similar coupling between protein conformation and lipid state was already described in cytochrome c [6, 11] and implies differential affinities of the protein conformations for the different lipid phases.
The observation that L-BABP is partly unfolded in anionic lipid membranes is in apparent contradiction with the well known principle that the lipid membrane, whether the polar interface or the hydrocarbon core, stabilises the secondary structure of polypeptide chains [2] . Clearly, other interactions must help to stabilise the partly unfolded forms of L-BABP against the unfavourable loss of secondary structure in the membrane environment. The binding is reversible and driven by electrostatic forces. The conformational change is also reversible: when the protein is released by an increase in the ionic strength, it recovers the native structure in solution [17] . We can speculate that electrostatic interactions with the anionic lipids are the most relevant forces that stabilise the partly unfolded states of L-BABP in the membrane. Once the protein is bound by electrostatic forces, subtle changes in the surface potential when the lipid changes between gel intermediate phases or between gel and liquid-crystalline phases could explain the shift to more unfolded structures. The present results are in the trend that liquid POPG can establish stronger interactions with the protein than DPPG in the gel phase. Unfortunately, there are no available data for the electrostatic surface potential of DPPG compared to POPG to corroborate this hypothesis. On the other side, this explanation for the results obtained in the DMPG interface is in agreement with the results of Lamy-Freund and Riske [25] and Tajimaa et al. [30] . The partition of a cationic spin probe to DMPG [21] and the electrophoretic mobility of DMPG vesicles increases with the onset of the intermediate phase [30] . This is in the trend of an increased negative surface potential on the transition to the intermediate gel phase. In our system, the increase in the electrostatic surface potential could stabilise more unfolded states of membrane-bound L-BABP. 
